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NOTICE

when Government drawings, specifications, or other data are used

for any purpose other than in connection with a definitely related
Government procurement operation, the United States Government

thereby incurs no responsibility nor any obligation whatsoever; -
and the fact that the Government may have formulated, furnished,

or in any way supplied the said drawings, specifications, or other

data is not to be regarded by implication or otherwise as in any .
manner licensing the holder or any other person or corporation,

or conveying any rights or permission to manufacture, use, or sell

any patented invention that may in any way be related thereto.

FOREWORD

This report was prepared by Maxwell Laboratories for the Air Force
Rocket Propulsion Laboratory, Edwards Air Force Base, California
under Air Force Contract F04611-77-C-0045. The objective of the
program was the investigation of certain capacitor impregnants and
their influence on high energy density capacitors which are employed
in spacecraft.

The program was monitored by Lieutenant Michael Brasher of the
Liquid Rocket Division. At Maxwell Laboratories, Mr. Allen
Ramrus was program manager and technical director. Mr. C. Wayne
White was manager of capacitor production and also provided key
technical assistance in all aspects of the program. In addition,
important contributions were made by Messrs. Paul Hoffman, Robert
Cooper and Kurt Haskell. Technical support was also provided by
Messrs. Richard Brown and Robert Haug.

A substantial part of this program was conducted at Fairchild
Republic Company (FRC). Dr. William Guman managed the first
phase of the subcontract at FRC and Dr. Dominic Palumbo directed
the subsequent portions. They were assisted by Mr. Martin Begun
throughout this effort.

This report has been reviewed by the Technical Information Office/
TSPR and is releasable to the National Technical Information Service
(NTIS). At NTIS it will be available to the general public,
including foreign nations. This technical report has been reviewed
and is approved for publication; it is unclassified and suitable

for general public release.

MLM&__
MICHAEL R. BRASHER, 1lLt, USAF

Project Manager Chief, Advanced Propu%sion Section
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SECTION 1
INTRODUCTION

Maxwell is pleased to present the Air Force Rocket
Propulsion Laboratory with this final report on the Development
of a High-Energy-Density Capacitor for Plasma Thrusters. This
program was directed towards the advancement in the technology
of pulse discharge capacitors of a type which are suitable for
spacecraft. This space application results in stringent require-
ments such as the relatively high energy density (p_) of about
88 J/kg (40 J/1b) in capacitors with discharge life over 107
discharges. Substantial progress in capacitor state-of-the-art
has accrued from research on this type of capacitor. A photograph
of the capacitor is shown in Figure 1-1, and the specifications
are summarized in Table 1-1.

The capacitor plays an essential role in the operation
of the pulsed plasma thruster. This role can be discussed by
considering the peak power flow through the power conditioning
circuit to the thruster. The power conditioner converts the
relatively low power which is obtained from solar cells or
batteries to the high voltage required by the plasma thruster.
The power conditioner is not capable of providing the high
peak power which the thruster requires. This high peak power
is provided by the capacitors which are mounted in a low
inductance circuit of which the plasma thruster is an integral
part. Thus, the peak output power into the plasma load is
on the order of a hundred megawatts, although the power which
flows into the capacitor bank is about 180 W. The high pulse
power lasts for a few us whereas the power flow into the
capacitors is constant during the time the thruster system is
operating.

In several key respects, this program was built upon
previous developments in the field of high energy density

1-1
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Figure 1-1.

The 80 uF capacitor tested during
this program. Case diameter is
10.5 em (4.14 in.).
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Table 1-1. Capacitor specifications and goals

]
% Specification Goals
Energy 190 J at 2.2 kV
| Voltage 2.2 kV +1%
' Voltage reversal 25%
Capacitance 80 wF + 10% - 5%
Inductance 15 nH
; Loss factor 0.010 Goal
i 0.013 (maximum at 25°C, 120 Hz)
Peak current 30 kA
Initial dI/dt 1019 A sec!
Pulse Rate 0.17 Hz (normal)
§ 1.00 Hz (maximum)
| Burst duration Indefinite
Capacitor temperature -20°C to +50°C (design)
i Range -350C to +70°C (goal)
5 Ambient pressure 10™% Torr
‘ Radiation environment Unspecified intensity
Life 107 shots
Reliabflity Not specified
Gross energy density 88 J/kg (40 J/1b)@ 2.2 kv
Weight 4.75 1bs
Shape Cylindrical
Dimensions 10.5 cm (4.125 in.) OD,

18.4 ecm (7.25 in.) length

1-3




capacitors. Table 1-2 lists programs which have preceded
the present one. The high value of energy density attained

BPE IR T Er WY £ T SGPLEETT B0

during this program is, in part, due to the use of polyvinyl-
idene fluoride film as the capacitor dielectric. This material
which is commonly referred to as K-F polymer is of particular
interest to the capacitor industry because of its high dielectric
constant of about 10. At this time the Kureha Corporation of
Japan is the sole supplier. Under contracts with the Air Force,
Maxwell and other laboratories have studied the application of

this material to capacitors. Conventional films such as poly-
propylene or polyester have relative dielectric constants in the
range of 2 to 4. Most impregnants have dielectric constants in
that range also. At equal stress, a film with dielectric con-
stant of about 10 has over three times the energy density of
conventional films. However, prior to this program, it was
unclear whether reliable, paper-free capacitors, which included
a film whose k exceeded that of the impregnant could be suc-
cessfully constructed. In part, the difficulty in thoroughly
impregnating a paper-free capacitor was thought to pose a
serious limitation. However, by adapting vacuum impregnation

, techniques which were previously developed for other types of

: paper-free capacitors, Maxwell successfully achieved a thorough
impregnation.

In addition to doubts about impregnation, other ques-
tions on this construction required resolution. For example,
the combination of a film with high k and an impregnant with
low k is not, a priori, an acceptable construction because of i
the presence of nonuniformities in the electrostatic field :
within the winding. In principle, when this construction is - 8
subjected to low voltage, as it is during the initial stage of
charging, the stress tends to be higher in the impregnant layer 2
than in the dielectric film by the factor kF/kI. Then, as volt- , i
age is increased, a complex process of corona and charge migration !
occur in the impregnant which in effect short-circuits the :

SIS " SN W




gy ———-—

Table 1-2. Previous development programs on high
density capacitors

Major Design
Year Capacitor Construction Parameters

1976 FRC/RCA 15 wF Mylar/MIPB All film vacuum
environment large
temperature range

1977 AFRPLS/FRC K-F/Paper/ Vacuum, large
60 uF Castor 0Oil temperature range
1976 FRC Mylar/ All film
to Silicone 0il
Present
1978 RCA, 15 uF Mylaxr/MIPB All film, vacuum, k
large temperature ;
range ,
§
Present AFRPL, 80 wF K-F polymer/ Vacuum, large ;
Tests Silicone 0il temperature range !
K-F-polymer/ all film
MIPB

|
|




liquid. This process must transfer nearly full capacitor volt-
age to the dielectric film. This redistribution of voltage

in constructions which employ high K-F polymers and low k
impregnants had an unknown influence on capacitor life and,
therefore, life tests were an important part of this program.

During this program three dielectric fluids were
tested which had dielectric constants less than that of K-F
polymer. These were tricresyl phosphate (TCP), silicone oil
(DC-200) and monoisopropyl biphenyl (MIPB). A fourth fluid,
Diallyl Phthalate {DAP) was also tested which had a constant
equal to that of K-F polymer. Discharge life curves were
generated to clarify the influence of dielectric constant on
life. Based on extrapolations from test voltages which
exceeded the rated capacitor voltage, K-F polymer capacitors
impregnated with silicone oil in a paper-free capacitor were
found capable of meeting the goal of 107 shots at 2.2 kV.
Capacitors impregnated with monoisopropyl biphenyl (MIPB) were
only marginally capable of meeting the goals. Both of these
liquids were of low dielectric constant. DAP, the impregnant
whose constant equalled that of K-F polymer was eventually
rejected because of electrophysical effects such as film
wrinkling and roughening which indicated abnormal interaction
between the liquid and the K-F polymer. TCP was also rejected
because it, too resulted in more of those interactions than
did the MIPB and silicone oil.

In addition to the study of this unique dielectric
film, the program requirements called for use of a special
stainless steel capacitor can which is capable of withstanding
the variation of internal pressure caused by the temperature
changes during operation of this capacitor in a vacuum environ-
ment. This capacitor can was developed under previous contract
by Fairchild Republic Corporation.

1-6
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SECTION 2
s PROGRAM SUMMARY

Virtually all impregnants in use by the capacitor ind-
ustry have relative dielectric constants in the range of two to
four. An important aspect of this program was the evaluation

of liquids with higher dielectric constant and which also have
physical properties suitable for an impregnant. To accomplish
1 this investigation, the chemical literature was surveyed and
a list of about 250 liquids with k > 5 was compiled. (See
Appendix A.)
Four groups of scaled capacitors employing each of
the four candidate impregnants were manufactured for discharge
life tests. These capacitors were scaled down to 6 uF from
the required 80 uF to reduce cost of samples.
The original plan called for one impregnant to be sel-
i . ected from the four. Then, full-scale tests on 80 uF capacitors
impregnated with that impregnant were to be conducted. However,
at the end of the scaled tests, two impregnants appeared approx-
imately equivalent which resulted in the manufacture of two sets
of capacitors, followed by the final testing. This four-task
program plan is summarized in Table 2-1.
As indicated in the specifications, the discharge
5 life goal of 107 discharges at the rated charge voltage of
2.2 kV is required. At a shot-rate of about 1 Hz at rated

4 voltage, a single test would require nearly 3000 hours, which
‘ would require months to accomplish. The approach taken through-
out this program was to accelerate the test by using increased

charge voltage. Life is known to be an extremely sensitive -
function of charge voltage. Operating at a higher voltage
and at reduced shot-rate to control heating results in the
opportunity to acquire significant amounts of discharge life

2-1




Table 2-1. Program Summary

(a) Test silicone impregnated capacitors at room

Phase Task
1. Literature survey - Primary object: List liquids ¥
with k > 5. $
2. Scaled tests 3
(a) Select four impregnants. %
&
(b) Manufacture and test 6 uF samples .
3. Manufacture final 80 uF capacitors. i
(a) Silicone oil impregnant in stainless steel cases. i
(b) MIPB impregnant in standard cases. %
4. Test final capacitors. ;
!

temperature (25°C) and at temperature extremes
(-20°C) and + 50°C).

(b) Test MIPB-impregnated capacitors at room
temperature.

2-2




data points on numerous samples in a relatively short time.
The disadvantage of this approach is that a discharge life
versus charge voltage curve must be generated to allow extra-
polations to the final voltage. A primary program objective,

0 PR SRy Yo 1<~ 55 0= I & R AN PO T~

therefore, was the determination of this discharge life versus
voltage relationship. Therefore, in Part 2 of the program,
life versus voltage curves were generated for 6 uF capacitors.
During Part 4, they were generated for 80 uF capacitors.
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SECTION 3
IMPREGNANT SELECTION

The literature survey* was conducted by means of a
computerized search of the chemical literature. Only mater-
ials with k > 5 were called forth, although other important
physical properties were compared, such as phase-change
temperatures, resistivity, vapor pressure and viscosity.
Liquids with properties like those of cyanoethyl sucrose and
castor oil were rejected because they tend to freeze at or
above = -20°C which approaches the lower limit of capacitor
operation. In the process of accepting or rejecting liquids,
intuition played an important part, e.g., liquids which may
freeze or crystallize were rejected because a phase change
within the capacitor probably would result in premature fail-
ure due to creatior of impregnant-free voids.

Numerous materials were listed which had high vapor
pressure such as the organic solvents. These materials were
rejected because they would require special handling in order
to ensure adequate impregnation. Additional research in that
area would have been required, although in a future program
the difficulty in handling these materials may not be as
serious a limitation. (High dielectric constant in organic
liquids was frequently associated with high vapor pressure.)

The Arochlor impregnants which are among the environ-
mentally restricted polychlorinated biphenyls (PCB) were
listed but were not selected for testing during this pro-
gram because of the difficulty in obtaining them and other
candidates appeared equally attractive. Ethylene glycol and

* The computerized literature search was conducted by Fair-
child Republic Corporation under contract to Maxwell.
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several high k (>30) aqueous solutions were considered but
their resistivity was too low, being 1079 cm, whereas about
10119 cm is considered minimum for the slow-charged capacitors
of present interest. Low resistivity would be unacceptable
because excessive heat would be generated during the five to
ten second charging period. This heating would be localized
around the foil edges, would create gas and early failure.

The conventional liquid impregnants were also invest-
igated, such as tricresyl phosphate (TCP, k = 6.9) and
silicone oil. Finally, a group of four liquids were selected,
two with the relatively high k of about seven or greater
and two with low k, 1less than three. These materials are
shown in Table 3-1. The entire listing was not exhaustively
studied to the point where all physical properties of each
liquid were obtained and analyzed. Time limitations prevented
so detailed a study. There may very well be a superior mater-
ial which escaped selection because certain physical properties
were grossly irregular compared to more common impregnants,
its properties unknown or were difficult to unearth. The
listing still serves as a source of ideas for new impregnants
for future experiments.

As a capacitor impregnant, the least-known is diallyl
phthalate. A manufacturer specification for this material is
shown in Appendix B. This impregnant has a dielectric constant
of ~10 which is the highest tested during this program. It
is relatively common in its polymer form and is used in trans-
formers.




Table 3-1. Impregnants selected for scaled capacitor tests.

Impregnant k
1 Tricresyl Phosphate (TCP) 6.9
: 2 Monoisopropyl Biphenyl (MIPB) 2.5
? 3 Silicone 0il (DC-200) 3.6

4 Diallyl Phthalate - monomer (DAP) 10.0




SECTION 4
DESIGN CONSIDERATIONS

4.1 FULL-SIZE 80 uF CAPACITOR CIRCUIT
The design objective of the test circuit is the

simulation of the voltage and current waveshape which occurs
when the capacitors are used in plasma thrusters. In that
application the final 80 uF capacitors are charged to the

rated 2.2 kV, discharge with a peak current of about 30 kA,
experience an initial 1 ~~-1010 A/s and have 25% current reversal.
(These parameters correspond to a discharge period of about

20 ups.)

If these capacitors were tested at their rated volt-
age, years would be required to complete the tests. An
important program objective is to accelerate the test program
to accomplish it within schedule limitations. Therefore,
higher than rated voltages are applied to the test capacitors
to shorten their discharge lives. When these higher voltages
are applied, I and I are also increased in direct proportion
to voltage while the discharge frequency and reversal remain
constant. Previous capacitor life experiments performed at
Maxwell and other laboratories have shown life proportional
to V% where V is charge voltage and o a constant. This
dependence was assumed in the accelerated experiments performed
during this program. Because of this acceleration, it is neces-
sary to establish the discharge life versus voltage to allow
extrapolation of life to the 2.2 kV rated voltage in order to
determine whether or not the 107 shot specification will be
attained. The extrapolations are described in the following
section.

To reduce capacitor costs during this phase of the
program, a scaled capacitor was employed; 6 uF were selected

4-1
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as a reasonable compromise between the desire to maximize
sample size to achieve realism, and the desire to reduce unit
costs. To preserve good simulation, at given voltage, the
peak current was reduced through the capacitor in direct
proportion to the capacitance. For example, since the 80 uF
capacitor passes 30 kA at 2.2 kV, the peak current specifica-
tion was reduced to 2.3 kA at 2.2 kV in the 6 yF tests.
Discharge period and reversal remained the same for & uF as
for 80 uF capacitors. This relationship was found in many
previous experiments performed at Maxwell.

Required circuit parameters to meet these specifica-
tions were established by first using lumped-constant analysis.
Then, adjustments were made in either circuit resistance or
inductance once the circuit was in operation.

a. Circuit Resistance and Inductance. To establish

the required electrical parameters for 80 yF tests, consider
the simplified circuit of Figure 4-1.

The requirement for 257 reversal causes the total
circuit resistance R; to be given by

Rpor = 0.4 R,

where R, is critical damping resistance, 2 V[LTOT/CZ' The
relation between rated charge voltage Vs and rated peak
current, V depends only on reversal and for 25% reversal,
is given by:

~ V
1 = 0.6 0

o P ——
\/ Lror/Co

Combining these two equations allows LTOT and RTOT to be
calculated.
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Co Test capacitors (80 uF)

L. Internal capacitor inductance (15 nH)

Rc Internal capacitor effective resistance (10 mQ)

R, External resistance composed of nichrome strip

R Stray resistance in connections and switch (10 mQ)
L; Switch inductance

L Inductance external to capacitor and switch

Figure 4-1. Discharge circuit of test capacitor.
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Rpor = 0.4 R, = O.8\/LTOT/CO

0.6 V I 0.6 V
o, ~ )
— \/LTOT/CO = :

Eliminating the square root yields:

=t >
1}

Lror/Co

<
<

1}
fi

0.8 x 0.6 -2 0.48 —

Rror

|

— >

o o
For rated Vo, and T of 2.2 kV and 30 kA respectively,

Rror

Circuit inductance for 80 uF capacitors is:

35 ue

"

2
L - C 0.6 V, - 80 ,F [0 %x2.2 kV\ 2
TOT o ; M 30 kA
o
LTOT = 155 nH

In practice, this inductance is obtained with a low inductance
strip line, about 1 ft long which connects the capacitor to
the spark gap. A nichrome resistor is connected to this strip
line as shown in Figure 4-2. This load resistance is calculated
below.

b. Resistive Load. Total circuit resistance is

composed of equivalent series resistance in the capacitor Ry

stray resistance in the spark gap, wires and connections, and
that of the nichrome load. The sum of resistance excluding
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Figure 4-2. Schematic of a capacitor discharge circuit to
meet reversal and high current requirements.
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the load is 20 mQ; therefore, 15 m! is required in the nichrome
resistor. For example, a pair of nichrome strips, each with

one-half in. width and 0.020 in. thickness would have a length
given by

T bk

. _ AR _ 2 x (5in.) x (0.020 in.) x 15 m2 x (2.54 cm/in.)?
P 110 uQ-cm

= 18 cm (7 in.) in length.

At the 60 kHz discharge frequency, this simple
resistance calculation is accurate because the skin depth at
this frequency is 2 mm, substantially larger than the nichrome
thickness of 0.5 mm.

This length of nichrome is set in a low inductance
geometry and is included in the strip-line buswork. 1In
; practice, the capacitor and circuit resistances are not precisely
known and the nichrome resistor is trimmed until the 257 current 3
reversal is obtained. ;
c. Rate of Rise. An additional specification calls ' |
for a minimum rate of rise of 1010 A/s. For early time in an

oscillatory circuit (regardless of resistance) I 1is given by

) the equation:

] - d .
i I = It (IO sin wt)

and

>
—

or,

[ D4
(o]

- %
—c_ E‘
E
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For Lyyy = 155 nH, C, = 80 WF and I, = 30 ka, I~ 100 a/s
which meets the specification indicated in Table 4-1.

4.2 SCALED CAPACITOR CIRCUIT
With these parameters established for the 80 uF
tests, the circuit elements for the 6 uF scaled tests

are derived in the same way. The peak current is reduced to
maintain constant current density in the winding. Therefore,
rather than 30 kA at 2.2 kV, the 6 wF capacitors require 2.3 kA.
The same ringing period and 257 reversal described above for

the 80 yF tests are used in these scaled experiments. Figure 4-3

shows a typical current and voltage waveform for a 6 uF capacitor.

Capacitor temperature is monitored by connecting a
thermocouple to the capacitor case. The output is connected
to a chart recorder for continuous monitoring during the test.
The scaled capacitors were immersed in a bath of transformer
0oil. A fan was placed near the oil, both to circulate air and
maintain constant equilibrium temperature of about 38°C (100°F).

T
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+

‘ | !
- B0t e ey B S pt
Vchg 5 kV ) | : | 1 !
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5 kA/div. ! ' b
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5 us/cm

Figure 4-3. Typical current and voltage diagnostic wave-
forms showing 257 current reversal in 6 uF

test
(a)

(b)

capacitor.

Circuit current as measured with Pearson
probe.

Capacitor voltage measured in a Teletronics
high-voltage probe.
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SECTION 5
SCALED TESTS f
Scaled experiments on 6 uF capacitors were conducted f

in order to obtain familiarity with the performance of K-F
polymer capacitors impregnated with each of the four impreg-
nants. The test setup allowed four capacitors to be tested

simultaneously in a multi site test configuration (Figure 4-2).
The same current waveshape, to be employed in the
final 80 yF units, was employed in these scaled tests. One
factor which was not similar, however, was the charging wave-
form. 1In the final experiments, as in the actual thruster,

the charging waveform rises continuously until the discharge
transient occurs. In these scaled tests, the charging volt-

ot RN YOI ¥ 2

age rises in about three seconds to the final dc value, then
remains at that voltage until discharge. 1In this way, all
capacitors mounted to the multi site switch are charged to
the same value and when one fires, the others remain at full
charge until they, in turn, are discharged. Therefore, the
6 uF capacitors have dc stress applied for a longer duration
for each discharge than do the 80 puF capacitors in actual

operation. This is viewed as one disadvantage in multi site
tests because the effect of this dc stress is unknown. For
this reason, the 80 uF capacitors tested during this program

T M Y AP oo X LRI

_ were tested singly with a charging waveform which closely
| simulated the actual one.

5.1 TRICRESYL PHOSPHATE (TCP)
The scaled tests were useful in selecting the film

and foil thicknesses. A typical set of experiments is plotted
in Figure 5-1 in which the discharge life of capacitors made
with various film thicknesses is shown. This selection process
involves trade-offs; thin films (i.e., below 91) tend to have
increased probability of hole density due to imperfections in

5-1
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Figure 5-1. Shot life versus charge voltage for 6 uF
capacitors impregnated with Tricresyl
phosphate (TCP) with film thickness as
a parameter,
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the manufacturing process. However, the effect of a hole

in a multi-layer package containing three films is less than
if only one or two films constitute the barrier between
electrodes. On the other hand, larger numbers of thinner
films are more difficult to thoroughly impregnate than fewer
thicker films. Analysis of data of this type did not result
in a clear indication that two sheets of 12, were better or
worse than three of 9y film. The two 12u films were judged
slightly superior because it created a thinner sandwich than
the three 9u films, thereby providing larger energy density
which appeared capable of meeting the program goals.

The line drawn on the left of the data points shows
the line along which the data must lie in order to meet the
minimum goals of the program. At this point it appears the
6 uF capacitors have longer lives than that required to meet
the goals. These curves provided a guide to capacitor con-
struction, but do not allow accurate estimates of discharge
life for the full size units. The test conditions are some-
what different than that encountered in full scale tests, as
described above and the capacitor area is different. It is
expected that capacitor life will decline with increased area
because larger area creates more potential failure sites.
Also, failure mechanisms which are caused by mechanical forces
developed in the charged winding are different in the two
cases, and may contribute to reduced life in larger windings.
Nevertheless, the scaled tests provided important insights
into capacitor impregnation and construction which enabled
high quality full size windings to be wound subsequently.

5.2 MONOISOPROPYL BIPHENYL (MIPB)

The scaled tests with MIPB as an impregnant were con-
ducted on 2 x 12p capacitors at 5 kV. These data fell on the
same line as did the TCP curve corresponding to 2 x 12y

films. However, the MIPB data were closely grouped, which is

5-3
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an attractive feature for long-lived, highly reliable capacitors.
Considerable motivation existed to have MIPB succeed because

of its well known resistance to damage from irradiation. How-
ever, the data indicated it was approximately equivalent in
performance to TCP. Figure 5-2 shows a group of four MIPB
failures.

5.3 DIALLYL PHTHALATE-MONOMER (DAP)

This impregnant was initially thought to be the most
attractive candidate because of its high dielectric constant.
The results did not show success, however, because of the
large scatter in the sample life. Several DAP impregnated
samples failed on charge at voltages less than those of the
other samples; a few of the samples had lives comparable to
the other samples. (A set of 5 kV data is shown in Figure 5-2.)

5.4 SILICONE OIL

Silicone oil appeared to be the best material employed
during this program. It resulted in some of the best discharge
lives obtained to date and the winding survived without severe
physical degradation, as evidenced by the autopsy after fail-
ure. Also, the silicone impregnated capacitors appeared to
fail in a relatively tight grouping (as shown in the 5 kV
tests, Figure 5-2.

To estimate the performance of this material in larger
capacitors, a group of four 30 uF capacitors were manufactured
and tested at 4.5 kV. The discharge lives are shown in the
inset of the Weibull plot of Figure 5-3. The Weibull plot
provides estimates of reliability versus discharge life.

In this context, reliability means the expected percentage of
surviving units out of a tested population. For example, the
graph indicates a characteristic life, L(0.37), of 8000 dis-
charges. (L(0.37) corresponds to a reliability of 37%.) If

3, WO TR e Y ST R W ST I T
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this were extrapolated to 2.2 kV by means of the equation:

_ -a
Ly, = Ly (V,/Vy)

using a- of 16, the slope of the goal curve, the character-
istic life would be 7.5 x 108 discharges. Many of the scaled
tests had slopes which exceeded 16. The larger slopes would
result in predictions of longer capacitor life; therefore, a
conservative estimate is chosen. 1If the Weibull plot were
extended to the 99% reliability (1% failure) line, the life
would be 330 discharges at 4.5 kV. At 2.2 kV this would
provide 3 x 107 shot discharge life, assuming the above expon-
ential dependence of life on voltage.

The sparcity of data results in wide confidence bands
around the plotted reliability versus discharge life curve.
Within the 907 confidence limits, lines which could be drawn
to the left of the data would fall short of the 10’ shot goal.
Therefore, encouraging though this data is, more data points
are required for confirmation. Maxwell proceeded to 80 uF
tests with silicone 0il on the basis of these results.

5.5 ELECTROPHYSICAL EFFECTS
One major factor used in assessing the performance of

an impregnant is the physical appearance of the foils and films
when the capacitor is disassembled after failure. For this
program, the underlying objective of accelerating discharge
lives by employing higher-than-rated voltage is to estimate
life after years of operation at relatively low shot rates.

If electrophysical effects indicate lack of compatibility
between the materials, it is unlikely the predictions will be
valid. Therefore, careful attention was directed towards the
compatibility of materials and this factor formed an important
basis for comparison of the various materials. For example,
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TCP was found to result in more severe wrinkling of the K-F
polymer than did the MIPB.

Figure 5-4 shows a TCP-impregnated winding. The foil
shows considerable distortion, yet the failure occurred in
a relatively clear area (Figure 5-4b). The body-failure (off-
edge) is the typical location for failures throughout this
program. For comparison, Figure 5-5 shows a silicone-impreg-
nated winding with its relatively clear surface condition.

The dialyl phthalate (DAP) had the worst wrinkling
effect on the K-F polymer, whereas silicone o0il showed good
compatibility. Silicone oil and MIPB were judged approximately
equivalent although, qualitatively, silicone o0il was judged
slightly superior. Where discharge lives were equivalent,
this qualitative judgement provided the basis for discriminat-
ing against a material. DAP was set aside because it had severe
electrophysical impact and very erratic discharge life. There-
fore, the leader in this competition was silicone o0il and MIPB
was in second position.

Based on these observations, the major portion of the
succeeding program was directed at the testing of capacitors
impregnated with silicone o0il. Additional tests on 80 uF capaci-
tors impregnated with MIPB was alsco carried out on windings

installed in conventional steel cans.
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Figure 5-4.

(a)

(b)

Typical foil condition of TCP-impregnated

6 uF capacitor (B-6-C) after 726 discharges
at 5.5 kV.

Failure location of same capacitor. Typically,
failures were in body (off-edge) and often
not in location of foil damage (a, above).
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Figure 5-5. Condition of silicone impregnated capacitor
sample (C-37) after 6334 discharges at 4.8 kV.

i v T Y

5-10




SECTION 6
FULL-SIZE CAPACITOR MANUFACTURE

6.1 STAINLESS CAN FOR SILICONE IMPREGNATED CAPACITORS
The final capacitors to be tested during this program

are not themselves destined for spacecraft. However, one group
of these capacitors underwent accelerated life testing at
3.9 kV under vacuum with a resistive load which simulates
the waveshape of the thruster except for the proportionately
higher voltage, current, and I. A second group of capacitors
will undergo life testing in a plasma thruster. Therefore,
the requirements of this program called for manufacture of
full-scale, 80 uF capacitors in an appropriate steel case
virtually identical to that required of a spacecraft in a
vacuum environment and throughout the extremes of temperature.
0il impregnated capacitors manufactured for use on
spacecraft must be subjected to extremely stringent screening
and quality control procedures to insure the best possible
hermetic seal. The basic can is hydroformed from 40 mil thick
stainless steel 301 sheet. Special tooling is used to insure
dimensional accuracy of each can and minimum material thickness
at any point on the can is 25 mils after forming. Cans not
meeting dimensional requirements are rejected.

The can is chucked internally and a hole of approp-
riate diameter is cut in the center of the closed end of the
can to accommodate the high voltage center stud bushing. A
machined part consisting of the ground ring and mounting
flange is vacuum brazed to the closed. face of the can.

The geometry of this part is such that the ground ring is
concentric with the outer circumference to within 0.025 cm
(0.01 in.). The center-stud/bushing assembly is then vacuum
brazed to the can. Special tooling is used to insure that the
center-stud is perpendicular to the front face of the can to
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within +0.5° and concentric with the ground ring within .
0.025 ecm (0.01 in.). The resulting assembly is 100% helium L
leak tested at 1 x 10”7 atm ce/s.

The rear lids are specially machined and matched to

each can for a snug fit. The 1id is designed to flex without

T g

permanent distortion so that volumetric expansion due to temp-
erature excursions can be accommodated. Thus, the capacitors

P

are impregnated at the lowest temperature expected during
operation so that the lids are unstressed when the can is
sealed off. Internal expansion is taken up by deflection of
the 1lid to insure that excessive pressure does not build up
within the can at the maximum operating temperature. The
rear lid is welded to the can after the capacitor winding has

T3NS 2, 8 T

been installed. Then, after impregnation, the fill plug is
soldered in place.

A redundant seal is formed around the center-stud/
bushing and bushing/can braze joints by potting these areas
with semirigid epoxy. The region around the fill plug is
also redundantly sealed in this fashion. A machined metal
ring is epoxied over the rear 1lid weld seam and a machined
cap is epoxied over the tip of the center-stud to redundantly
seal those areas. The techniques used in redundant sealing of
the capacitors have been developed over the years as a result
of experimentation using commercially available o0il impregnated
units. In some cases the "redundant' seals form the primary
seals on commercial units. Figure 6-1 shows the output bush-

ing totally filled with the epoxy mixture. For Fairchild
Republic tests, the redundant epoxy seal was smaller in diameter
than the seal shown.

6.2 TEMPERATURE EFFECTS ON CAN
When the first set of 80 pF capacitors was completed,

the two ends of the can appeared to be extended beyond toler- .
ance. This was in part caused by excessive internal pressure
which was not taken up by normal expansion of the can bottom




Figure 6-1.

CAP: 57/36 September 27, 1979

- EPON 828 60 part per 100
Versamid 150 40 part per 100
Cured 150°F for 2 hours
Air cure overnite

‘g@g‘fé ’

Output bushing of 80 uF capacitor showing
epoxy redundant seal.
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lid. This pressure rise is believed to have been caused by

the thermal expansion of the silicone oil impregnant. Table 6-1
shows a comparison of various oils and, as shown, silicone

oil has the largest coefficient of thermal expansion.

The design calls for maximum extension only when the
capacitor is heated to the peak operating temperature of about
70°C. A careful investigation into the causes of this pressure
was conducted. Each can contained 0.2 kg of silicone oil
which occupies a volume of about 200 cm3 (0.92 gm/cm3). A
temperature increase of 10°C causes a Volume change of 2 em3.

Therefore, for each 10°C temperature increase, the flexible
lid must take up 1.7 cm3(0.1 in.3).

Preliminary estimates of volume change due to 1lid
motion indicates a 1id excursion of about 0.020-0.025 inches
is required to increase can volume by 1.7 cm3. Estimates of
the maximum excursion which the lid can undergo indicates
about 0.1 in. can occur. A temperature change of only about
50°C, therefore, can be compensated by lid motion. The .
production-run capacitor is topped off and sealed at -20°C
(according to specification). Therefore, the limit of volume
expansion by 1id motion was equaled or exceeded when the can

reached room temperature.
The above calculations are estimates only. A small

error in the above volume calculations (0.5 cm3) will cause
the bushing stud to extend by 0.030 inch beyond its normal
position, a value which was reported to Maxwell by FRC.
Possibly this internal pressure contributed to the
large number of leaking braze joints experienced during the
production of the capacitors. However, it is believed the
bushing braze should be capable of withstanding this relatively
modest pressure rise.
During this program, capacitors tested at room
temperature and above were topped off and sealed at room

6-4 :
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1 A Table 6-1. Comparison of volumetric thermal
expansion for various capacitor

impregnants.
%;gigégg:t Volume Exygnsign Cgefficient
(in 10 cm”/cm /°C)
E Silicone oil 1.05
Dielectrol II 0.72
Castor oil 0.66

MIPB 0.80
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temperature to maintain low internal pressure. Similarly,
the capacitors tested at -20°C were topped off at -259°C. To
; correct this problem, a modification to the existing lid

, design is required. A drawing of the capacitor is shown in
f Figure 6-2.

‘_’ 6.3 CAPACITOR WINDING
6.3.1 Winding Components

| The components in each winding are certified by manu-
facturers to be in conformity with Maxwell's purchase orders.
The purchase orders specify capacitor grade foils and films

and this designation calls for the highest quality control

by the manufacturers. Table 6-2 shows descriptions of the
winding components and their weights.

As shown, the components add up to the total weight
of 2.1 kg (4.7 1lbs). When the can weight of 0.45 kg (1 1b) is
included, the total weight of the capacitor is 2.61 kg (5.7 1lbs).
For an 80 uF, 2.2 kV capacitor with 194 J, the energy density
is about 76 J/kg (34 J/1b). This density could have been
increased somewhat had a flight capacitor been constructed.

A weight savings of about 5% could have been attained
by reducing edge margin. This reduction was not possible dur-
ing this program because of the necessity to operate at
accelerated voltages.

1 6.3.2 Winding Tension
An important consideration in the winding of K-F

polymer capacitors is the winding tension. This was demon-

strated during this program by the premature failure of the
first group of 80 uF, silicone oil impregnated capacitors which
were manufactured for life testing at Maxwell and FRC. A few
of those capacitors failed on charge and in all cases, their
lives fell short of expectations. 1In all cases, the failures
were at or very near the foil edge margin.
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Careful inspection of the failed windings indicated
that excessive winding tension was the probable cause of these
edge failures. The K-F polymer appeared to have a sharper than
normal crease where the foil ends and the edge margin begins.
All capacitors were therefore called back to Maxwell and a
new set of windings was successfully fabricated.

In practice, winding tension is regulated by first
winding trial samples until a prescribed winding capacitance
is obtained. Winding capacitance is measured soon after the
windings are made, before any impregnation occurs and before
application of high voltage to the winding. This capacitance
is called the dry cap. Table 6-3 shows a group of dry caps
for serial numbers 50 through 57. Numbers 50-52 and 56-57
were deliberately wound with low tension. Numbers 53-55 were
wound with normal tension. As described earlier in this sec-
tion, this so-called normal tension was determined to result in
premature capacitor failure and is therefore considered exces-
sive.

For given setting of the winding machine, the standard
deviation of the dry caps is low, o < 1%*, whereas the increment
in dry cap between low and normal tension, which is introduced
by controlling the winding machine tension, is 10%. A desired
value of dry capacitance can be obtained, at will, by minor
readjustment of the tension controls.

* This value is calculated by dividing the standard deviation
of the dry caps by the mean dry cap.

6-9
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Table 6-3. Capacitance measurements on windings before g
and after application of high voltage.

é Serial No. Dry-Cap uF Post High-pot uF

52 54.0 66.0 E
51 54.0 66.0 i
52 55.0 67.5 ?
:
53 58.5 67.0 ;
Normal ]

54 59.0 Tension 67.0

55 58.5 67.0

56 55.0 67.0

57 55.0 67.0

et
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SECTION 7
FULL-SIZE (80 uF) CAPACITOR TESTS

7.1 TEST SETUP
The scaled capacitor tests conducted on 6 uF and 30 uF
capacitors were conducted with the capacitors immersed in o0il to
control temperature, as described above. This maintained case
temperature below 38°C (1000F) with a discharge frequency of
about one discharge per twelve seconds. Depending on the speci-
fic objectives of the test, between one and four capacitors
were mounted to the multi site switch and tested simultaneously.
In the full scale, 80 uF tests, temperature is actively
controlled in order to allow testing at the temperature extremes,
as well as at normal room temperature. Discharge tests are
conducted, on one capacitor at a time, and it is mounted in
a temperature controller. The low inductance strip line which
connects the capacitor to the rotating switch passes through
the temperature controller, as shown in Figure 7-1.
The case temperature is not held constant during the
test. Rather, the nominal test temperature represents the
case temperature at the start of the test and as the test
proceeds, the case is maintained within a prescribed range.
Room temperature tests were conducted in the range from 25°C
to 38°C; high temperature tests from 500C to about 60°C and
low temperature tests from -25°C to about -15°C. Temperature
is continuously monitored with a strip-chart recorded.

7.2 80 pyF SILICONE IMPREGNATED CAPACITORS - MAXWELL TESTS
Based on the scaled tests, the most promising candi-
date to meet the requirements is the silicone impregnated

capacitors. This section discusses the test results on the
80 uF, silicone impregnated capacitors.
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Life versus Voltage. Discharge life measurements
were conducted at a charge voltage of 3.9 kV. To extrapolate
to the rated 2.2 kV voltage discharge-life is assumed given by

the simple exponential function:

_ V -«
L =1L, (v;)

where L is life at voltage V, L, is measured life at
voltage Vo and o 1is an empirical exponent. A more complex
expression may be taken from the capacitor literature as pro-
viding a better approximation. For example, winding stress
may be included in the equation but for purposes of comparing
one capacitor life with another, under the same experimental
conditions, the formula given above is a good approximation.
The data obtained during this program appeared to fit that
expression within the tested range up to four decades of life
but no data was obtained above that life in order to verify the
extrapolation. In the near future a group of four capacitors
will be tested in a plasma thruster at FRC and this will shed
light on the accuracy of the extrapolation.

To estimate the exponent o, a minimum of two data
points is required. For the 80 uF silicone impregnated capaci-
tors tested during this program one data point consists of the
mean high pot failure voltage of a group of four capacitors,
as shown in Table 7-1. The corresponding life of this group
is one since the capacitor fails on charge. The second data
point consists of the measured life at a voltage below the
high pot value. 1In this report measured life refers to mean
life, i, characteristic life, or life at 997 reliability,
L(0.99). The latter two are obtained from Weibull plots (to
be discussed). Therefore, for this report, measured life has

three statistical definitions, all of which are based on the
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Table 7-1. High pot failure voltage on silicone

impregnated capacitors ;

3 Number Failure Voltage, Vypp %
]

97880 5.90 §

97883 6.60 ’

97882 6.30 b

] 3
97857 6.85 1

3

= )

VHPF = 6.41 kV + 0.41 kV. ) :

VHPF is the mean high pot failure voltage ‘




analysis of measurements on several capacitors at a given
voltage.

The results of discharge life experiments on silicone-
impregnated capacitors are shown in Table 7-2. Consider the
room temperature (25°C) results in which two winding tensions
are indicated. (Winding tensions are discussed in Section 6.)
The mean life for capacitors with "normal"”® tension data is
lower than that of capacitors wound with low tension. These
points are compared in the Weibull plot of Figure 7-2.

This Weibull plot provides estimates of discharge
life as a function of reliability for‘these 80 uF capacitors.
For 1% failure, or reliability of 99%,'the discharge life is
obtained by extrapolating the plotted line down to the base-
line.

Consider the normal tension results. The character-
istic life (the life associated with a percentage failure of
63) is 2050 discharges. (This life turned out to be approx-
imately equal to the mean life of 2010 discharges, although
usually the mean life was about 207 lower than the character-
istic life.) The statistical quantity of significance here
is the characteristic life. Mean life is introduced because
it is a convenient quantity to calculate and discuss. The
life at 99% reliability for room temperature, and normal
tension is obtained from the Weibull plot which shows a value
of 1600 discharges. This is plotted in Figure 7-3b.

Weibull plots are useful for plotting failures due
to high voltage at constant life, i.e. high pot failures, as
well as for failures from long life at constant voltage, as

* In this report, so-called normal tension refers to a winding
tension which was used during the scaled tests and which is
normally used in production run capacitors.

7-5
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Table 7-2. Summary of discharge life tests conducted at 3.9 kV
charge voltage and at three temperatures.
Nominal - - )
r Temp. No. Tension Life, L L g i o
~256C 55 normal 1998
53 normal 2081 2010 65
; 54 normal 1952
} 31-5 low 6118
' 31-4 low 5848 >983 191 3
31-1 low 3747"
50°C 51 low 887
31-6 low 1149 1017 131 13
31-2 low 1014
-20°c  31-5 low 12000 (no failure)
31-4 low 4601 (bushing failure)

* Overvoltage during test.
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Figure 7-3.
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b= normal tension, room
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_l [ 11 11 1 1| 4 1 Niltl

1 2

(a)

3 4 5678910

2 3 4 5678910
(h)

Test Voltage, kV

Silicone oil-impregnated capacitors -

Maxwell test.
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discussed above. The latter is the more common application,

however. It is important to note that if failures occur with
approximately the same life at a given test voltage, or at
the same voltage in high pot tests (in which the life is
unity), then the three definitions, mean, characteristic, or
99% reliable, all converge to the same value. For example,
if all capacitors tested at, say, 3.9 kV fail at the same
value of 2000 discharges, the characteristic, mean, and
life-with-997% reliability all converge to the value, 2C00.
Alternatively, if all high pot voltages are the same, then
the mean, characteristic and failure-voltage-with-997
reliability also converge to the same value. This considera-
tion applies to the high pot failures obtained during this
program. When they are plotted on a Weibull, the line
obtained is nearly vertical (infinite slope). For that reason,
the mean high pot voltage is conveniently used on all life
versus voltage plots.

Figure 7-3a shows the linear plot on log-log paper
of the characteristic ‘life at 3.9 kV and the high pot failure
at Vppp = 6.4 kV for normal tension and room temperature.

The slope of this line can be calculated from the formula:

I R CPY A

where L2 = 2010 discharges, Ll = 1 discharge. V2 = 3.9 kV and
Vi = 6.4 kv.

In that case, a, - 15.4 where a, is the slope of the charac-
teristic life curve. This value can be used to calculate the
extrapolated characteristic life at the rated 2.2 kV voltage.

L, =L (&1)'“ =1 (%f%—%%)_ls'a = 1.4 x 107 discharges.
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This calculation is tabulated in Item 1 of the data summary of
Table 7-2.

7.3 80 uF, SILICONE IMPREGNATED CAPACITORS UNDER VACUUM,
FINISHED TESTS

Test results on the group of four silicone oil impreg-

nated capacitors which were tested under vacuum at Fairchild
Republic Corporation are shown in Figure 7-4. These capacitors
were tested under the same conditions as those at Maxwell, with

the following exceptions:

%

voltage was proportional to 1% compared to Maxwell charging
which was of the form,
Va (1-C ’E—C )

E b. Capacitor was under vacuum = 107 torr.

c. Cooling was effected by radiation from the

a, Charging waveform was constant power (charging
capacitor can to a temperature controlled water jacket. To
enhance radiation transfer, FRC capacitors were painted black.

Every effort was made to keep all other aspects of
the test the same in both cans. For example, the rep-rate,

current waveform and charge voltage (3.9 kV), etc., were the

same.

The mean life of FRC capacitors was about 4000 dis-
charges, somewhat smaller than the mean of about 6000 for
Maxwell, although clearly within the scatter of the data.
Also, the Weibull slopes of the FRC data are significantly
smaller than that of the Maxwell data, as can be seen by compar-
ing Figure 7-4 with 7-2, This is important because extrapolations
based on FRC data to life with 99% reliability would be smaller
than that based on Maxwell data. Extrapolations of FRC data are
compared with those of Maxwell in the data summary (Table 7-3).
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7.4 MIPB IMPREGNATED CAPACITORS (MAXWELL)

Weibull plots of the MIPB discharge lives are shown
in Figure 7-5. By comparing the MIPB failures with that of
silicone o0il, it is apparent the silicone o0il is superior.

The silicone o0il capacitors and the MIPB impregnated capacitors
were tested under the same conditions with the exception that
the MIPB capacitors were enclosed in conventional steel cases,
whereas the silicone capacitors were encased in the special
stainless steel cases. Figure 7-6 shows the extrapolations of
MIPB life to the rated voltage of 2.2 kV.

7-14

PR T L B e

T




10

10

10

10

10

2

10

10

Figure 7-6.

TTTT

LRARLI

CTTINT © FPrrnmy 7 TTThr T

R

LR SRR

N

. Characteristic life

High pot failure

3.9 kv

1 High pot failure

2. Life at 997 reliability
for 3.9 kV

3. Life at 99% reliability
for 3.7 kV

4. Mean slope extrapolation
to 2.2 kY

a = 11.0 0.4

3. Extrapolation to
2.2 kV
4 Characteristic life 1
3,7 kv
ne* {4.6 /
: — o1 WL oot ivtdl
2 4 6 8 10 2 4 6 <10

Extrapolations of discharpge-life for MIPB impregnant,

kV —e

30 uF K-F polymer capacitors,

7-15

e



R i s I 1
]
E

SECTION 8
CONCLUSIONS

Throughout the program, capacitors failed within the
body of the capacitor, in contrast to failures which occur
at foil edges. Generally, the capacitor industry considers
the appropriate location of failures to be the foil edge
because that is the most highly stressed region of the winding.
When the failure occurs off-edge, i.e. in the bulk of the mater-
ial, it suggests a failure mechanism occurred which is distinct
from normal wear-out. Often, such a mechanism is not as pre-
dictable as edge failures. For example, inclusions of foreign
particle pin holes or material fatigue may cause such bulk
failures. Normally, when foil edge failures occur, neighboring
foil edges are burned slightly, indicating a gradual wear-out
of the edge.

In the case of these K-F polymer capacitors, edge
failure was extremely rare; only when windings with higher than
optimum tension were fabricated, did the failure occur at or
near the edge. When the winding tension was reduced, the
failure mode reverted to that of body failure. In summary,
doubts persist as to whether or not the full capability of
this material is being utilized.

Based on the limited data on final capacitors obtained
during this program, the silicone capacitors are capable of
meeting the program goals provided the operation temperature
does not exceed about 380C. In the "low" and ''room" temperature
experiments, the life-with-997 reliability appears to be well
into the 107 range. Table 7-3 showed a data summary which
includes all 80 uF tests. As shown, MIPB appears less attract-
ive than silicone 0il as a K-F polymer capacitor impregnant.

This is unfortunate since MIPB has known resistance to radiation.




It is hoped a future program will assess the capability of
silicone impregnated K-F polymer capacitors to withstand
radiation bombardment.

This program met the objective of demonstrating the
feasibility of constructing a long-life, all-film capacitor
employing K-F polymer. An effort was made to utilize the
data available to predict the life at rated charge voltage
of 2.2 kVv. In a future program, it is hoped a larger number
of capacitors will be tested in order to provide a statistical

basis for these extrapolations.
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APPENDIX A

LIST OF LIQUIDS WITH DIELECTRIC
CONSTANT GREATER THAN 5
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